Dye-sensitized photoelectrosynthesis cells (DSPECs) provide a flexible approach for solar water splitting based on the integration of molecular light absorption and catalysis on oxide electrodes. Recent advances in this area, including the use of core/shell oxide interfacial structures and surface stabilization by atomic layer deposition, have led to improved charge-separation lifetimes and the ability to obtain substantially improved photocurrent densities. Here, we investigate the introduction of Ag nanoparticles into the core/shell structure and report that they greatly enhance light-driven water oxidation at a DSPEC photoanode. Under 1-sun illumination, Ag nanoparticle electrodes achieved high photocurrent densities, surpassing 2 mA cm −2 with an incident photon-to-current efficiency of 31.8% under 450-nm illumination.
Dye-sensitized photoelectrosynthesis cells (DSPECs) provide a flexible approach for solar water splitting based on the integration of molecular light absorption and catalysis on oxide electrodes. Recent advances in this area, including the use of core/shell oxide interfacial structures and surface stabilization by atomic layer deposition, have led to improved charge-separation lifetimes and the ability to obtain substantially improved photocurrent densities. Here, we investigate the introduction of Ag nanoparticles into the core/shell structure and report that they greatly enhance light-driven water oxidation at a DSPEC photoanode. Under 1-sun illumination, Ag nanoparticle electrodes achieved high photocurrent densities, surpassing 2 mA cm −2 with an incident photon-to-current efficiency of 31.8% under 450-nm illumination.
water oxidation | DSPEC | core/shell | plasmonic | atomic layer deposition A dye-sensitized photoelectrosynthesis cell (DSPEC) integrates light absorption and catalysis to carry out the oxidation of water coupled to the production of H 2 or reduced carbon products. The photoanode of a DSPEC uses a wide-bandgap semiconductor, typically TiO 2 or SnO 2 , as a high surface area scaffold for immobilizing molecular chromophores and catalysts. This approach establishes an interface capable of supporting light-driven charge separation and subsequent catalysis at the electrode surface (1) (2) (3) .
Recent progress has been made in improving solar conversion efficiencies in DSPEC devices, especially by introducing ITO/ TiO 2 and SnO 2 /TiO 2 core/shell (ITO = tin-doped indium oxide)-based photoanodes (4) (5) (6) . Even with the core/shell enhancements, additional increases in efficiency and durability are needed to make DSPEC technology viable. Key factors influencing the efficiency of a DSPEC photoanode include the fraction of light absorbed, the interfacial dynamics leading to the accumulation of multiple oxidative equivalents at a catalyst, and the rate of catalysis for water oxidation at the photoanode (7) .
The influence of surface-immobilized Ag or Au nanoparticles on the solar conversion efficiencies of dye-sensitized solar cells (DSSCs) by plasmon-enhanced light absorption has been documented (8) (9) (10) (11) . The introduction of metallic nanoparticles in a DSSC or related photovoltaic device can influence the photoconversion efficiency in several ways, including near-field coupling of the surface plasmon with the light-absorbing material (9, 10, 12) , increasing the optical pathlength through the dye layer by light scattering (13, 14) , or by electronic effects arising from the presence of the metal nanoparticles (8) . In this work, we incorporate ∼100-nm cubic Ag nanoparticles (Ag NPs) on the surface of FTOjSnO 2 /TiO 2 films (FTO = fluorine-doped tin oxide) containing a molecular dye/catalyst surface monolayer and observe a substantial improvement in the photocurrent response of the photoanode. Based on the available evidence, we propose that the improved photocurrent density arises from light capture and concentration by the Ag NPs and their role in enhancing the rate of excitation by dyes lying in close proximity.
The application of surface plasmon near-field enhancement is used here to improve the performance of a dye-sensitized photoanode for carrying out light-driven water oxidation at a photoanode, Eq. 1.
The approach that we have taken involves incorporation of cubic silver NPs onto a FTOjSnO 2 /TiO 2 core-shell mesoporous surface. Silver has proven to be an optimal metal for supporting strong surface plasmons in visible wavelengths due to its low dielectric function, and therefore high quality factor (>10), over this range of the spectrum (15) . To protect the Ag NPs from degradation by exposure to solution (16) , the Ag NPs were deposited on the SnO 2 surface before forming the TiO 2 shell by atomic layer deposition. Our experiments show that incorporating Ag NPs significantly enhances the performance of the DSPEC photoanode in comparison with a similarly prepared photoanode without the Ag NPs. The improved performance entailed higher photocurrent densities, above 2 mA cm −2 under 1-sun irradiation, without any loss in the faradaic efficiencies for O 2 generation (∼95%). An improved incident photon-to-current efficiency (IPCE) of 31.8% at 450 nm compared with 16.3% of photoanode without Ag NPs was observed for the Ag NP surface.
Results and Discussion
Photoanode Preparation and Characterization. Mesoporous FTOjSnO 2 / TiO 2 core-shell electrodes used in this study were prepared as Significance Dye-sensitized photoelectrosynthesis cells (DSPECs) provide a basis for artificial photosynthesis and solar fuels production. By combining molecular chromophores and catalysts with high surface area, transparent semiconductor electrodes, a DSPEC provides the basis for light-driven conversion of water to O 2 and H 2 or for reduction of CO 2 to carbon-based fuels. The incorporation of plasmonic cubic silver nanoparticles, with a strongly localized surface plasmon absorbance near 450 nm, to a DSPEC photoanode induces a great increase in the efficiency of water oxidation to O 2 at a DSPEC photoanode. The improvement in performance by the molecular components in the photoanode highlights a remarkable advantage for the plasmonic effect in driving the 4e -/4H
+ oxidation of water to O 2 in the photoanode.
described elsewhere (4) . Fig. S1 shows the image of 3.0-nm TiO 2 shell coating Ag particles. Different mesoporous layer thicknesses of 2.2, 4.1, and 8.1 μm were investigated. The effect of oxide layer thickness on the performance of the interface is shown in Fig. S2 . As the 4.1-μm electrode gave the highest photocurrent response, the majority of experiments in this study were carried out with ∼4-μm mesoporous electrodes. The deposition of polyvinylpyrrolidone (PVP)-coated Ag NPs on the SnO 2 film was accomplished by an electrostatic interaction mechanism (9, 17 ; bpy = 2,2′-bipyridine). After surface adsorption of the RuP 2+ chromophore, the water oxidation catalyst [Ru(bda)(4-O(CH 2 ) 3 P(O 3 H 2 ))-pyr) 2 ] (WOC; pyr = pyridine; bda = 2,2′-bipyridine-6,6′-dicarboxylate) was incorporated onto the surface during a second soaking step in methanol solution containing 1 mM of the complex. Previous work demonstrated that the loading of the RuP 2+ chromophore on the surface does not preclude the adsorption of the catalyst containing the -(CH 2 ) 3 -PO 3 H 2 axial anchoring group (18) . Fig. 1 illustrates the fully assembled electrode interface, FTOjSnO 2 /AgNP/TiO 2 j-RuP 2+ /WOC. As shown previously by UV-visible measurements, these conditions result in a surface layer consisting of 2:1 chromophore:catalyst ratio (18) . Fig. 2 shows SEM images of the fully prepared FTOjSnO 2 / AgNP/TiO 2 j-RuP 2+ /WOC surface. The 100-nm cubic Ag NPs deposit on the outer surface of the oxide layer, and, as they are larger than the pore openings in the film, it is unlikely that they penetrate within the interior of the film. The 100-nm cubic Ag NPs are randomly dispersed across the top of the oxide layer with both isolated particles and clusters of particles observed. Based on the SEM images, the procedure for depositing the Ag NPs does result in a relatively even distribution across the entire surface.
As mentioned above, treatment of the surface by ALD simultaneously forms a TiO 2 coating on the Ag NPs and forms the SnO 2 / TiO 2 core/shell surface in the underlying oxide film. The TiO 2 coating prevents direct contact of the Ag surface with solution (9, 19) . The thickness of the TiO 2 surface layer was controlled by varying the number of deposition cycles with each cycle estimated to add 0.06 nm in thickness (20) . As summarized in Fig. S3 , different (Fig. 3) . All measurements were performed with 100-mW cm −2 white light (1 sun) irradiation with a 400-nm cutoff filter to avoid direct bandgap excitation of the oxide. The effect of Ag NPs on the photocurrent is apparent in Fig. 3A with nearly a doubling in the current during illumination with the Ag NPs as compared without. In Fig. 3B , the overall form of the current-voltage response with or without the Ag NPs is similar but with higher currents from the electrode with added NPs. Importantly, the point of zero current occurs at a similar voltage in both samples, indicating that charging effects of the metal NPs do not contribute to the improved current response (8) .
The localized surface plasmon of the Ag NP extends only tens of nanometers from the particle surface and therefore only assemblies at the top of the film, near the Ag NP layer, likely contribute to the improved photocurrent generation (15, 21) . Consistent with the localized effect of the plasmon, lower photocurrents were obtained with increasing thickness of the TiO 2 layer applied by ALD. Fig. S3 shows the current response with varying TiO 2 shell thicknesses of 3, 4.5, and 6 nm. The best performance was achieved with a 3-nm TiO 2 coating. Samples prepared with varying thicknesses of the TiO 2 shell, but without the inclusion of Ag NPs, showed little difference in the maximum photocurrent density (Fig. S4) .
To assess possible photocurrent generation from the Ag NPs alone, Fig. S5 shows photocurrent measurements for FTOjSnO 2 / AgNP/TiO 2 j-WOC with no surface-bound chromophore. Without the chromophore, a modest photocurrent of 60 μA cm −2 is produced. This indicates that the enhanced photocurrent observed with FTOjSnO 2 /AgNP/TiO 2 j-RuP 2+ /WOC is not a result of direct light absorption and sensitization by the Ag NPs. Similar to improvements observed in the performance of DSSCs by the incorporation of Au and Ag NPs, the localized surface plasmon of the Ag NPs improves the rate of excitation of RuP 2+ chromophores near the NP and leads to higher sustained photocurrents compared with the DSPEC without the Ag NPs (8, 10, 11) .
Optical characterization of FTOjSnO 2 /AgNP/TiO 2 j-RuP /WOC decreased to half of their initial values. This result is consistent with previous observations using similar chromophore/catalyst interfaces, and the presence of the Ag NP does not appear to influence the surface stability of the film (4). The high faradaic efficiency for O 2 generation with or without the Ag NPs indicates the presence of the metal NPs does not affect the functionality of the catalyst. The substantially higher photocurrents with added Ag NPs are consistent with a plasmon enhancement of chromophores near the NPs, which likely enables higher turnover frequencies of nearby catalysts enabling the higher current densities. Fig. 5 A and B . In both Fig. 5 A and B , the spectra are consistent with excitation followed by rapid, <10-ns injection to give the oxidized chromophore, -RuP 3+ .
With or without the presence of the Ag NPs, rapid loss of the characteristic MLCT absorption at λ max = 450 nm evidences the loss of ground state and formation of the oxidized dye.
The bleaching recovery traces shown in Fig. 5C reveal similar lifetimes for photooxidized RuP 3+ in the presence or absence of the Ag NPs, 25 and 16 μs, respectively, as measured by the time required for half of the absorption feature to decay to zero. Based on the similar lifetime data, the presence of the Ag NPs does not appear to affect either the sensitization of the oxide by RuP 2+ * or the recombination of injected electrons to the oxidized RuP
3+
. While not offering direct evidence, taken in concert with the decrease in transmittance (Fig. S6A ) and increase in absorptance (Fig. S6D ), these observations do support the conclusion that the Ag NPs contribute to the improved performance by plasmon-enhanced light absorption of the RuP 2+ sensitizer.
Conclusion. Our results are consistent with localized surface plasmonenhanced light harvesting by including Ag NPs in the DSPEC photoanode surface. From the photocurrent and TA measurements, photoinduced electron injection and back-electron transfer are unaffected by the presence of the Ag NPs. However, the introduction of the Ag NPs leads to a nearly twofold increase in the photocurrent generated by the interface under identical conditions. Our results are important in understanding and extending the plasmonic enhancement of molecular light absorption to DSPEC water oxidation applications. The Ag NPs show no detrimental effect on the DSPEC device stability or faradaic efficiency for light-driven water oxidation. The addition of Ag NPs enhances light absorption of the MLCT RuP 2+ dye and leads to an increase in the IPCE with a maximum of 31.8% at 450 nm. The plasmonic DSPEC produces a photocurrent density above 2 mA cm −2 after 30 s of illumination with 1 sun simulated solar light. At the microscopic level, the impact of the plasmonic effect is extraordinary. Additional improvements in light collection maybe possible by varying the surface architectures to integrate a greater population of immobilized RuP 2+ sensitizers in close proximity to the Ag NPs.
